NLRP3 is the most crucial member of the NLR family, as it detects the existence of pathogen invasion and selfderived molecules associated with cellular damage. Several studies have reported that excessive NLRP3 inflammasome-mediated caspase-1 activation is a key factor in the development of diseases. Recent studies have reported that Syk is involved in pathogen-induced NLRP3 inflammasome activation; however, the detailed mechanism linking Syk to NLRP3 inflammasome remains unclear. In this study, we showed that Syk mediates NLRP3 stimuli-induced processing of procaspase-1 and the consequent activation of caspase-1. Moreover, the kinase activity of Syk is required to potentiate caspase-1 activation in a reconstituted NLRP3 inflammasome system in HEK293T cells. The adaptor protein ASC bridges NLRP3 with the effector protein caspase-1. Herein, we find that Syk can associate directly with ASC and NLRP3 by its kinase domain but interact indirectly with procaspase-1. Syk can phosphorylate ASC at Y146 and Y187 residues, and the phosphorylation of both residues is critical to enhance ASC oligomerization and the recruitment of procaspase-1. Together, our results reveal a new molecular pathway through which Syk promotes NLRP3 inflammasome formation, resulting from the phosphorylation of ASC. Thus, the control of Syk activity might be effective to modulate NLRP3 inflammasome activation and treat NLRP3-related immune diseases.
Introduction
The innate immune response triggered by PRRs is the first line of a host's defense against microbial pathogens. NLRs are a pivotal family of PRRs that can detect intracellular pathogens and selfdamage molecules and coordinate with TLRs to regulate immune functions [1] . Among the 22 hNLRs, NLRP3 is the most crucial receptor in mediating various pathogenic infections and it has been studied more frequently than other NLR family members [2] . Previous research has shown that numerous chemically and structurally diverse stimuli from microbes and danger signals are NLRP3 ligands. Sources of these stimuli include bacterial poreforming toxins (e.g., nigericin), silica, ATP, MSU crystals, Alum, and fatty acids [3] [4] [5] [6] [7] . These ligands trigger NLRP3 to recruit the pivotal adapter protein ASC for the formation of inflammasome and the activation of caspase-1 [1] . ASC associates with procaspase-1 via CARD interaction and interacts with NLRP3 via pyrin domain interaction [8] .
One of functions of the NLRP3 inflammasome is to promote the maturation of IL-1b, which is essential for mounting a protective host response against invasive bacteria, fungi, and viruses in immune system [1, [9] [10] [11] . Two intracellular steps are generally required for IL-1b maturation. The first step (Step 1) is the induction of pro-IL-1b and NLRP3 expression through NF-kB-dependent gene transcription, and the second step ( Step 2) is the activation of the NLRP3 inflammasome, leading to the proteolytic processing of procaspase-1 [12] [13] [14] . Under stimulation with NLRP3 ligands, ASC can oligomerize and form a large macromolecular ASC oligomer that constitutes the large multiprotein assemblies, called NLRP3 inflammasome [15] [16] [17] . The formation of NLRP3 inflammasome triggers caspase-1 activation, resulting in the cleavage of the proenzyme into active p20 and p10 subunits that subsequently mediate the cleavage of pro-IL-1b and secretion of mature IL-1b [8, 18, 19] .
Syk is a nonreceptor protein tyrosine kinase that is expressed in numerous cell types, particularly in immune cells, such as monocytes and macrophages [20] . The most frequently identified cellular function of Syk is its role in activated immunoreceptors that recruit adaptor proteins containing ITAMs [21, 22] . Moreover, Syk has also been observed in the signaling of specific innate immune receptors, such as TLRs, CLRs, and NLRs [23] [24] [25] [26] [27] . Upon activation, Syk transmits multiple crucial signals and regulates inflammatory cytokine secretion, cell migration, and pathogen clearance. Recent studies indicate that Syk might control NLR inflammasome activation [28] . Genetic deletion or pharmacological inhibition of Syk in BMDCs has been shown to abrogate selectively NLRP3 inflammasome activation caused by Candida albicans but not NLRC4 inflammasome activation caused by Salmonella typhimurium. Syk 2/2 in BMDCs does not affect pro-IL-1b production and NLRP3 inflammasome activation by nigericin or ATP as well [29] . However, Syk activation by MSU and hemozoin crystals can activate NLRP3 inflammasome and promote IL-1b secretion in macrophages and dendritic cells [6, 16, 30] . Controversially, He et al. [31] demonstrated that Syk is involved in gene induction of IL-1b but not NLRP3 inflammasome activation in BMDMs. Specifically, they found that pro-IL-1b and pro-IL-18 expression caused by LPS stimulation is regulated differentially by Syk. As described above, several reports have suggested the involvement of Syk in NLRP3 inflammasome activation under various stimulus conditions; however, the detailed analyses of the effect and the mechanism of how Syk regulates pro-IL-1b induction (the Step 1 signaling) and NLRP3/ASC/caspase-1 inflammasome formation (the Step 2 signaling) are missing. We also wonder whether Syk is involved in the signaling of common NLRP3 stimuli besides autoimmune antigens and pathogens, such as MSU and C. albicans. To this end, we selected primary mouse macrophages as a cell model to address the roles of Syk in NLRP3-mediated caspase-1 activation. Herein, we used genetic and pharmacological approaches to investigate further the roles of Syk in regulating NLRP3 inflammasome activation. Our data in this study demonstrate that Syk can positively regulate NLRP3 inflammasome formation and caspase-1 activity. We show that Syk can be activated by 4 NLRP3 ligands and recruited to the NLRP3 and ASC. Meanwhile, activated Syk phosphorylates hASC at Tyr146 and Tyr187 and promotes ASC oligomerization and caspase-1 activation. Whereas Syk positively regulates the inflammasome formation (Step 2 signaling), our data indicate that Syk negatively regulates LPS-elicited pro-IL-1b and NLRP3 gene up-regulation (Step 1 signaling) . Taken together, we demonstrated that Syk plays a critical role in NLRP3 inflammasome activation, indicating that inhibition of Syk could be a candidate target for treating diseases caused by the excessive activation of caspase-1.
MATERIALS AND METHODS

Mice
WT (C57BL/6) and Syk +/2 mice (backcrossed to C57BL/6 mice for at least 6 generations) [32] were bred under pathogen-free conditions at the Animal Center of National Taiwan University College of Medicine. The animal experiments were conducted in accordance with institute regulations after receiving approval from the Ethics Committee of the National Taiwan University College of Medicine (No. 20110047).
Cell culture
We cultured primary macrophages from Syk +/+ or Syk 2/2 fetal liver cells in accordance with our previous study [25] , and the HEK293T cells were cultured in DMEM. All pure media were supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Reagents and antibodies
We purchased nigericin ( ELISA assays of IL-1b and caspase-1 p10
Following incubation with the ligands, the concentrations of mouse IL-1b and mouse caspase-1 in the culture medium were determined by use of ELISA (in accordance with the manufacturer's instruction).
Immunoblotting analysis
Following reagent stimulation, the media were collected to detect the secretion of cytokine. The cells were rinsed twice under ice-cold PBS and then harvested and lysed directly with 13 sample loading buffer or RIPA lysis buffer [25] . The samples were heated at 95°C for 5 min, and equal amounts of wholecell lysates were electrophoresed on 8-12% SDS-PAGE and then transferred to Immunobilon-P (Millipore). The specific protein bands were detected by use of the ECL detection reagent.
Immunoprecipitation
To analyze the protein complex association, cells were treated and extracted in 500 ml RIPA lysis buffer. The following method of immunocomplex was described previously [25] . 
FLICA
A FLICA provided the whole-cell caspase activity detection. All experimental procedures were conducted in accordance with the manufacturer's instructions. In brief, WT and Syk 2/2 macrophages were primed with LPS for 6 h and then were stimulated with the NLRP3 ligands. After stimulation, caspase-1-specific FLICA probe (Immunochemistry, Bloomington, MN, USA) was added and incubated for 2 h to induce probe/caspase-1 complex formation. The samples were fixed, and the green fluorescence was detected by use of a fluorescence microscope with a bandpass filter (excitation 490 nm, emission .520 nm).
MTT assay and crystal violet method
Primary macrophages were plated in 24-well plates and incubated at 37°C with the NLRP3 ligands. After incubating the MTT (5 mg/ml) for 1 h at 37°C, the supernatants were aspirated, and the formazan granules generated by the live cells were dissolved in DMSO. The OD values at 550 and 630 nm were measured by use of a microplate reader. The net absorbance (OD 550 -OD 630 ) indicated the enzymatic activity of the mitochondria and cell viability. In certain experiments, the crystal violet method was used to assess the stimulated cells and measure the cellular proteins in accordance with our previous research [33] .
RT and real-time quantitative PCR
To measure specific gene expressions, the primer sequences for IL-1b, NLRP3, and b-actin were synthesized ( Table 1) . Following LPS treatment, the cells were homogenized with 300 ml TriPure Isolation Reagents (Roche Diagnostics), and 2 mg total RNA was reverse transcribed with a RT-PCR kit (Promega, Heidelberg, Germany), in accordance with the manufacturer's instructions. The FastStart SYBR Green Master was used to perform the realtime PCRs in 96-well plates, and an ABI Prism 7900 was used to determine the PCR products.
Plasmids and site-directed mutagenesis
The WT, deleted domains, and KD of the Syk plasmids and Myc-tagged NLRP3 were generated in our laboratory [25] . The mutant Myc-tagged hASC plasmids were generated by mutating Tyr146, Tyr187, and Tyr146/Tyr187 to phenylalanine (Y146F, Y187F, and Y146/187F). The point mutation was achieved by use of the QuickChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA). All plasmids were confirmed by DNA sequencing.
In vitro Syk-mediated phosphorylation
To identify the phosphorylation site(s) on the ASC, the WT and mutant ASCs were transiently transfected to the HEK293T cells, followed by immunoprecipitation in accordance with previous research [24] . The immunocomplex was washed 3 times in cold kinase lysis buffer containing 400 mM NaCl and then washed once in 13 kinase reaction buffer. The beads were combined with active GST-hSyk (100 ng/sample) and then incubated at 30°C for 30 min in 40 ml kinase reaction buffer (supplemented with 10 mCi g-32 P-ATP). In certain experiments, 200 ng rhGST-ASC, rhGST-caspase-1, and rhGST-NLRP3 were incubated with 100 ng active GST-hSyk at 30°C for 30 min in the kinase reaction buffer. Reaction products were detected by use of 12% SDS-PAGE, followed by autoradiography to determine the phosphorylation status. The autophosphorylation was applied as an index for Syk activation.
Reconstituted caspase-1 activation in a HEK293T cell system
The HEK293T cells were transiently transfected with 10 ng Flag-tagged human procaspase-1, 100 ng Myc-tagged hASC, 100 ng Flag-tagged hNLRP3, and 150 ng Flag-tagged mouse pro-IL-1b plasmids. Lipofectamine 2000 and Opti-MEM were used to transfect the plasmids. After 6 h, the cells were transferred to complete DMEM for 24 h. Subsequently, the supernatants were collected to detect the mouse IL-1b by use of the ELISA method.
In vitro caspase-1 activity assay
The activity of caspase-1 in the lysates and supernatants were measured by use of the fluorometric substrate acetylated Tyr-Val-Ala-Asp-amino-4-trifluoromethyl-coumarin in accordance with previous research [34] . The fluorescence intensities of treated samples were compared with those of the untreated control samples to determine the fold increase in caspase-1 activity.
ASC oligomerization cross-linking assay
The treated primary macrophages and transfected HEK293T cells were used to perform the ASC oligomerization experiment in accordance with previous research [35] . The cells were resuspended briefly in ASC lysis buffer A, and the lysates were sheared by passing them through a 27-G needle, 10 times. The cell lysates were centrifuged at 340 g for 8 min to remove the intact cells and nuclei. The supernatants were added with 1 vol CHAPS buffer, and the pellets containing the ASC were collected by centrifugation at 2650 g for 8 min. Subsequently, the crude pellets were resuspended in CHAPS buffer containing chemical cross-linked reagent (4 mM disuccinimidyl suberate; Cayman Chemical, Ann Arbor, MI, USA), incubated at room temperature for 30 min.
Statistical evaluation and image quantification
The values were expressed as the mean 6 SEM of at least 3 independent experiments that were performed in duplicate. A Student's t-test was used to determine whether the differences were statistically significant (P , 0.05). Western blotting images were quantified with ImageJ software.
RESULTS
Syk activity is required for NLRP3-mediated caspase-1 activation
To understand whether Syk plays a crucial role in regulating NLRP3 inflammasome activation, we first treated macrophages with several NLRP3 stimuli and found that Syk is phosphorylated and activated by ATP, nigericin, MSU, and Alum adjuvant (Fig. 1A ). Next, we tested the effects of specific SykI kinase on NLRP3 inflammasome activation. As the NF-kB activation pathway is a critical step to induce pro-IL-1b protein expression and for mature IL-1b production, we conducted experiments in LPS-primed macrophages. After LPS priming, we found that SykI and BAY61-3606 caused a reduction in the secretion of IL-1b induced by ATP (Fig. 1B, left) , nigericin (Fig. 1B, right) , and Alum and MSU (Fig. 1B, middle) . Note that this reduction was not resulting from the reduced protein expressions of pro-IL-1b 
(NLRP3 inflammasome-related components), including NLRP3, ASC, and procaspase-1, under SykI treatment (Fig. 1C) . Furthermore, SykI markedly decreased the ATP-and nigericininduced caspase-1 activation, as evidenced by either accessing p10 formation with immunoblotting ( Fig. 1D ) or determining caspase-1 enzymatic activity in whole-cell lysates (Fig. 1E ). With the consideration that the inhibitory effects of SykI result from cytotoxicity, we measured the cell viability by MTT and lactate dehydrogenase assays. As a result, both SykI at 10 mM did not have cytotoxicity in LPS-primed cells under 20 min (ATP or nigericin) or 9 h treatment (Alum or MSU; data not shown).
To determine whether Syk inhibitors exert a direct effect on caspase-1 activation, we incubated recombinant caspase-1 p10/ p20 (active form) with indicated inhibitors for 1 h, followed by performing the in vitro caspase-1 activity assay. Data shown in Fig.  1F indicated that the pan-caspase inhibitor z-VAD-FMK can abolish the caspase-1 enzyme activity at 10 nM, whereas SykI and BAY61-3606 exerted no effect on the activity of the purified recombinant enzyme. These results suggest that Syk is a positive regulator of NLRP3 inflammasome activation.
In addition to pharmacological inhibitors, furthermore, we used a genetic knockout approach to strengthen Syk, crucial in NLRP3-mediated caspase-1 activation. Syk 2/2 macrophages exhibited lower expression of caspase-1 (p10) after ATP treatment ( Fig. 2A, upper, and Fig. 2B ) and Alum (Fig. 2B) . Likewise nigericin-induced p10 expression was reduced in Syk 2/2 macrophages (Supplemental Fig. 1, lower) . As reported, LPS priming can enhance NLRP3 inflammasome assembly and activation through mechanisms of NF-kB-mediated NLRP3 induction [36] . However, previously, we have shown the negative role of Syk in TLR4-mediated signaling of MyD88/TRAF6/TAK/IKK [25] . To understand whether Sykmediated NLRP3 inflammasome activation might be affected by the Step 1 signaling pathway under LPS priming, we also compared the caspase-1 p10 expression in LPS-primed WT and Syk 2/2 macrophages. As a result, we found that in LPS priming condition, the Alum ( Fig. 2A , lower)-and nigericin (Supplemental Fig. 1 , upper)-induced p10 expression was also reduced in Syk 2/2 macrophages. Based on these findings, we suggest that Syk is a direct regulator of NLRP3 inflammasome. Furthermore, the data from the ELISA and in vitro enzymatic assay demonstrated that the NLRP3 stimuli-induced, mature caspase-1 secretion and caspase-1 activity were reduced significantly in the Syk 2/2 macrophages, with or without LPS priming ( Fig. 2C and D) . Likewise, the in vitro fluorescence-based FLICA caspase-1 activity assay also revealed lower caspase-1 activities upon 4 NLRP3 stimuli treatment in the Syk 2/2 macrophages (Fig. 2E) .
Collectively, these results indicate that Syk plays an important role for NLRP3 inflammasome activation and caspase-1 activity. 
Syk promotes NLRP3 stimuli-mediated ASC oligomerization and inflammasome formation
Previous studies have reported that the oligomerization of ASC is a critical step for caspase-1 activation; therefore, we investigated whether the ASC oligomer formation is regulated by the activation of Syk. As a result, we showed that the ASC oligomerization induced by ATP and nigericin was decreased markedly in Syk 2/2 macrophages (Fig. 3A) . Likewise, SykI and R406 mimic the effect of Syk 2/2 to diminish the ATP-and nigericin-induced ASC oligomerization (Fig. 3B) . Collectively, the genetic and chemical approaches support the notion that Syk is required for the ASC oligomerization in macrophages. Based on these observations that Syk regulates NLRP3 inflammasome activation, we next wanted to know whether Syk is recruited to the NLRP3 inflammasome complex following ligand stimulation. We performed immunoprecipitation experiments by use of Syk antibody and observed the association of Syk with ASC and NLRP3 after ATP stimulation for 20 min (Fig. 4A, middle) . With the use of ASC antibody for immunoprecipitation, we also detected the association of ASC to Syk and NLRP3 following ATP treatment (Fig. 4A, right) . In addition, we observed the association of Syk with procaspase-1 upon ATP or Alum treatment (Supplemental Fig. 2A ). Subsequently, we used Syk 2/2 macrophages to confirm the function of Syk in NLRP3 inflammasome formation. The WT and Syk 2/2 macrophages were stimulated with ATP or Alum, and the immunoprecipitation was performed by incubation with a procaspase-1 antibody. As a result, we observed that the interaction between ASC and caspase-1 under ATP (Fig. 4B) or Alum (Supplemental Fig. 2B ) treatment was reduced markedly in the Syk 2/2 macrophages.
These results indicate that Syk is a new component of the NLRP3 inflammasome; moreover, Syk promotes the binding between ASC and caspase-1, which is a critical step to trigger caspase-1 activation.
To further confirm the association between Syk and NLRP3 inflammasome components in the NLRP3 ligand-stimulated macrophages, we used an overexpression system to determine the domains responsible for the protein-protein interactions between Syk and NLRP3 inflammasome. HEK293T cells were cotransfected with Myc-tagged NLRP3 or ASC, together with various Flag-tagged Syk-deletion mutants constructs then performed the immunoprecipitation against the Flag antibody. Our data indicated that the C-terminal kinase domain of Syk is In some studies, macrophages were primed with LPS (1 mg/ml) for 6 h, followed by stimulation with Alum (150 mg/ml) for 1, 2, or 4 h (lower). After incubation, the media were collected for immunoblotting with caspase-1 p10 antibody. (B) Macrophages were stimulated with ATP or Alum for the indicated time, and then, whole-cell lysates were collected for immunoblotting with caspase-1 p10 antibody. (C and D) After treatment, with or without LPS, macrophages were treated with ATP (5 mM) or nigericin (10 mM) for 20 min; Alum (150 mg/ml) or MSU (100 mg/ml) for 9 h; and then media or whole-cell lysates, as indicated, were used to determine caspase-1 p10 by the ELISA method (C) or the in vitro caspase-1 activity assay (D). Data are means 6 SEM from 3 independent experiments. *P , 0.05 when comparing WT and Syk 2/2 macrophages. (E) After LPS priming for 6 h, WT and Syk 2/2 macrophages were treated with ATP or nigericin for 1 h or Alum or MSU for 4 h and then subjected to microscopic fluorescent staining with caspase-1 FLICA (green) and DAPI (blue).
necessary for its association with NLRP3 and ASC ( Fig. 4C and  D) . Nevertheless, no direct interaction was observed between Syk and procaspase-1 in the HEK293T cell system (Fig. 4E) . Notably, we found that the interaction between Syk and procaspase-1 can be detected in cells expressing Myc-tagged ASC, and their interaction was enhanced further in the presence of Myc-tagged NLRP3 (Fig. 4F) . Collectively, these results indicate that Syk can promote NLRP3 inflammasome complex formation upon NLRP3 stimulation.
Syk phosphorylates ASC at Y146 and Y187 and leads to increased NLRP3 inflammasome formation
After observing the recruitment of Syk to NLRP3 inflammasome following ligand stimulation, we were interested to understand if Syk is an upstream kinase of NLRP3 inflammasome components. To address this issue, rhGST-fusion proteins of procaspase-1, ASC, and NLRP3 were used as substrates for an in vitro Syk kinase assay. The results shown in Fig. 5A revealed that the ASC and NLRP3 but not procaspase-1 can be phosphorylated by Syk. Next, to identify which amino acid residues of ASC were phosphorylated by Syk, we used the KinasePhos2.0 database and predicted 2 consensus phosphorylation sites for Syk in hASC, i.e., Y146 and Y187. Subsequently, we generated the mutated ASC constructs (Y146F, Y187F, and Y146/187F) and performed the in vitro kinase assay by use of these ASC mutant proteins as substrates. As a result, we found that the ASC protein of Y146 or Y187 mutation remained susceptible to phosphorylation by Syk, whereas the double mutations of ASC Y146/187F robustly reduced the extent of Syk-dependent phosphorylation (Fig. 5B) . To elucidate the contribution of ASC phosphorylation in NLRP3 inflammasome complex formation, we transiently overexpressed Myc-ASC (WT or mutants), Syk, and Flag-procaspase-1 in HEK293T cells.
Immunoprecipitation of procaspase-1 by use of Flag antibody confirmed previous data of Fig. 4F and revealed that the presence of WT ASC can induce Syk and procaspase-1 association (Fig. 5C ). However, ASC mutants at single tyrosine residue failed to display this effect (Fig. 5C ). Conversely, with the use of ASC antibody for immunoprecipitation, we also achieved similar results, i.e., only WT but not mutant ASC can trigger the binding between Syk and procaspase-1 (Fig. 5D) . Moreover, procaspase-1 has a higher binding extent to WT ASC than ASC mutants (Fig. 5D ). All together, these data indicate that phosphorylation at both tyrosine residues of ASC is a prerequisite for the Syk/procaspase-1 interaction and can also enhance Syk/ASC and ASC/caspase-1 binding. Collectively, these results suggested that phosphorylation of ASC at Y146 and Y187 residues is crucial for Syk to increase the formation of the NLRP3 inflammasome complex and the subsequent caspase-1 activation.
Tyrosine residues 146 and 187 on ASC are required for ASC oligomerization
Next, we investigated whether the ASC oligomer formation is regulated by Syk kinase-dependent phosphorylation on ASC. We cotransfected the plasmids encoding the Myc-tagged ASC (WT or mutants), Flag-tagged NLRP3, Flag-tagged procaspase-1, and/or hSyk into the HEK293T cells and performed the ASC oligomerization assay. We observed that a single tyrosine mutation of ASC can reduce the ASC oligomerization, and the double mutation of ASC nearly eliminated the oligomer formation (Fig. 6A) . Moreover, our data revealed that the Syk-mediated ASC oligomerization can be detected even in the absence of NLRP3, and in fact, NLRP3 existence alone without the presence of Syk only slightly enhanced ASC oligomerization (Fig. 6B ). These data indicated that the Syk-mediated phosphorylation of both tyrosine residues in ASC is critical for the formation of ASC oligomers and the subsequent proteolytic processing of procaspase-1 and pro-IL-1b. To elucidate the contribution of ASC phosphorylation in NLRP3 inflammasome-mediated IL-1b secretion, we adapted the reconstitution system by overexpressing pro-IL-1b, procaspase-1, NLRP3, and/or ASC (WT and mutants) in HEK293T cells and measured the production of IL-1b. As shown in Fig. 6C , the presence of WT ASC can increase caspase-1-mediated IL-1b WT macrophages were first primed with LPS (1 mg/ml) for 6 h, followed by treatment with SykI (10 mM) or R406 (1 mM) for 1 h. Then, macrophages were stimulated with ATP or nigericin for 5 or 15 min. After treatment, the crude pellets were collected for conduction of the ASC oligomerization assay, as described in Materials and Methods. The numbers in parentheses were the quantification values for ASC dimer and oligomer. Data are means from 3 independent experiments. Some immunoblotting studies were conducted in the total cell lysate samples.
production, whereas ASC mutants had much weaker effects than WT form. As expected, NLRP3 expression can enhance ASC/ caspase-1-mediated IL-1b secretion. Nevertheless, under such a condition, Syk can induce a much greater effect on caspase-1 activation compared with the condition without NLRP3 (Fig. 6C) . Collectively, these results indicate that the phosphorylation of ASC on Y146 and Y187 is involved in the promotion of ASC oligomerization for the subsequent induction of caspase-1 activation, and the level of Syk-dependent caspase-1 activation, resulting from ASC phosphorylation, is relying on the status of full NLRP3 complex.
Syk regulates IL-1b secretion through affecting the gene expression of NLRP3 and pro-IL-1b
After observing the crucial role of Syk in mediating NLRP3 inflammasome formation and caspase-1 activation, we further examined the real outcome of IL-1b production in response to NLRP3 stimuli in LPS-primed WT and Syk 2/2 macrophages. The reason we conducted this experiment is because in our previous study, we showed the negative role of Syk in LPS-induced NF-kB signaling and in turn, the proinflammatory mediator expression. As expression of NLRP3 and pro-IL-1b are also under the control of the NF-kB pathway, Syk might also influence their levels and then affect IL-1b production indirectly. As shown in Fig. 7A , we found that the amount of mature IL-1b secretion upon treatment of each NLRP3 stimulus (ATP, nigericin, MSU, or Alum) in LPSprimed macrophages was greater in Syk-null macrophages, which seems to be opposite of our previous findings showing that Syk is a positive regulator of caspase-1 activation. Furthermore, we excluded that the increased IL-1b secretion under Syk 2/2 is associated with cell death. When performing MTT and crystal violet assays, we did not see a significant difference of cell viability in WT and Syk 2/2 macrophages under NLRP3 ligand stimulation (Supplemental Fig. 3 ).
To investigate further the mechanisms underlying the paradoxical data of IL-1b secretion in LPS-primed Syk 2/2 macrophages, we first detected the expression of pro-IL-1b. We observed that the protein (Fig. 7B ) and gene expressions (Fig. 7D, left) of pro-IL-1b following LPS treatment were higher in Syk 2/2 macrophages than in WT macrophages. Actually, the basal pro-IL-1b mRNA level was also increased slightly, by 1.65-fold, in Syk-null macrophages (Fig. 7D, right) . Next, we determined the expression of the main components of NLRP3 inflammasome under LPS treatment in WT and Syk 2/2 macrophages. We found that the protein levels of ASC and procaspase-1 remained unaltered in the WT and Syk-null macrophages upon LPS stimulation (Fig. 7C,  left) . However, for NLRP3, we found that its basal and LPSinduced protein levels were higher in Syk 2/2 macrophages (Fig.   7C , right). In agreement with this finding, the NLRP3 mRNA at basal condition (Fig. 7D, right) or under induction by LPS (Fig.  7D , middle) was also increased in Syk 2/2 macrophages. All of these results indicate that Syk can negatively regulate the expressions of pro-IL-1b and NLRP3, in agreement with our previous findings highlighting Syk as a negative regulator of TLR4-mediated TRAF6 signaling and production of proinflammatory cytokines [25] .
DISCUSSION
The roles of Syk in immune responses have been investigated extensively over the past decade, and its role in the activation of the NLRP3 inflammasome has attracted considerable attention recently. Numerous studies have indicated that kinases, such as protein kinase R [37] , AMP-activated protein kinase [7] , Lyn, and Syk [16, 29, 38, 39] , are involved in NLRP3 inflammasome activation. However, the molecular mechanisms of NLRP3 inflammasome activation remain unclear, and many questions are unanswered. In this study, we demonstrate a novel and common intracellular molecular event that is induced by various stimuli for NLRP3 and conclude that Syk positively triggers caspase-1 activation to perform critical cellular functions. The Syk-stimulated caspase-1 activation through NLRP3 inflammasome is executed by triggering ASC phosphorylation at the Tyr146 and Tyr187 residues, enhancing ASC oligomerization and increasing formation of the NLRP3 inflammasome complex. In this study, we observed the distinct effects of Syk 2/2 on caspase-1 activation and mature IL-1b secretion induced by various NLRP3 stimuli. Mature IL-1b secretion was higher in Syk 2/2 macrophages (Fig. 7A) ; however, the caspase-1 activation in the Syk 2/2 macrophages was lower than that in the WT macrophages (Fig. 2) . To resolve this inconsistency, we provided evidence to show that Syk can negatively regulate LPS-induced pro-IL-1b and NLRP3 expression (i.e., Step 1 signal for mature IL-1b production; Fig. 7B-D) , whereas it positively regulates NLRP3 inflammasome (i.e., Step 2 signal for mature IL-1b production; Fig. 2 ). We assert that the increased pro-IL-1b and NLRP3 expression in the LPStreated Syk 2/2 macrophages is resulting from the enhancement of TAK1, IKK, and JNK signaling pathways, as we predicted, based on our previous study for other LPS-induced proinflammatory mediators [25] . Thus, it is suggested that the increased pro-IL-1b and NLRP3 protein expression in Syk 2/2 macrophages accounts for the higher secretion of mature IL-1b, even under the condition of reduced caspase-1 activity.
Another possibility for the increased IL-1b secretion in the Syk 2/2 macrophages is that other protease-processing pathways beyond caspase-1 might be involved. Activated caspase-1 is a short half-life enzyme [40] , and other proteases (e.g., matrix metalloproteinases, proteinase-3, elastase, and chymase) can cleave pro-IL-1b and pro-IL-18 to become mature cytokines, either intracellularly or extracellularly; moreover, these proteases can be released from short-lived and damaged cells [41] . In this study, we did not examine whether these protease activities might be different between WT and Syk 2/2 macrophages; thus, we cannot exclude any possible involvement of other Syk-regulated molecular events that might control pro-IL-1b processing and IL-1b secretion. Shio et al. [16] reported that activated Syk can weakly associate with NLRP3 and ASC following Hemozoin stimulation. Besides Hemozoin, we found that Syk is a common signaling molecule of NLRP3 inflammasome under various stimuli (Fig. 1A) . After stimulating macrophages with NLRP3 stimuli, Syk can be recruited to NLRP3 inflammasome ( Fig. 4A and B) . In this study, we confirm the associations among Syk, ASC, and NLRP3 in ATPand Alum-stimulated macrophages. In addition, we showed further the interaction between Syk and procaspase-1 under ATP and Alum stimulation ( Fig. 4A and Supplemental Fig. 2A) . Notably, we found that Syk is able to enhance the ASC/caspase-1 complex formation under ATP and Alum stimulation (Fig. 4B and Supplemental Fig. 2B ). These findings explain why ATP-and Alum-induced caspase-1 activities are lower in Syk 2/2 macrophages.
With the use of ectopic expression and a reconstituted model in the HEK293T cells, we assert that Syk uses the kinase domain to associate with ASC and NLRP3 directly ( Fig. 4C and D) . Notably, even though no direct interaction was observed between Syk and procaspase-1 in the HEK293T cell overexpression system (Fig. 4E ), ASC and NLRP3 possibly could serve as bridges to induce the association of Syk and procaspase-1 in macrophages (Fig. 4F) . Taken together, our data demonstrate a novel protein kinase component in the NLRP3 inflammasome, which exerts its kinasedependent function for caspase-1 activation. Numerous studies have shown that posttranslational modifications (e.g., phosphorylation, acetylation, and ubiquitination) are critical steps in the regulation of innate and adaptive immunity [10, [42] [43] [44] . However, so far, few studies reported the posttranslational modifications on NLRs and inflammasome components [35, [45] [46] [47] . In this study, we unravel the phosphorylation function of Syk in regulating the NLRP3 inflammasome assembly and caspase-1 activation. Here, we identify ASC as a new substrate of Syk. Two tyrosine residues (Y146 and Y187) on hASC are Syk phosphorylation targets (Fig. 5B) , which are both required for mediating the phosphorylation-dependent enhancement of ASC oligomerization and caspase-1 activation. Mutations of both sites reduce ASC association with Syk and procaspase-1 (Fig. 5D ), Sykmediated ASC oligomerization (Fig. 6A) , and caspase-1 activity (Fig. 6C) . As both tyrosine resides are localized at the CARD domain of ASC, which is well characterized for association with procaspase-1, we speculate that such mutation might also change the ASC protein conformation, ASC/procaspase-1 interaction, and in turn, caspase-1 activation. The speculation is based on the unexpected finding that caspase-1 activity in the reconstituted model without NLRP3 expression can be decreased by ASC mutants (Fig. 6C) . Moreover, Hara et al. [28] suggested that other phosphorylation resides of mouse ASC, including S58, T125, T151, T152, S153, and Y144 (equivalent to hASC Y146), might being able to regulate IL-1b secretion in response to NLRP3 activation. Collectively, the phosphorylation of ASC on serine, threonine, and/or tyrosine residues is a new identified mechanism to control NLRP3 inflammasome-mediated caspase-1 activation. Besides ASC, we suggest that NLRP3 is a putative substrate of Syk (Fig. 5A ) and the detailed phosphorylation site(s) and related functional outcome require further research. Figure 6 . The Y146 and Y187 of ASC are required for Syk-dependent ASC oligomerization and IL-1b secretion. (A and B) HEK293T cells were transfected with control vector or plasmids (1 mg) encoding Syk, Flagtagged NLRP3, Flag-tagged procaspase-1, and Myc-tagged ASC (WT or mutants), as indicated. Twenty-four hours later, we harvested cells and performed ASC oligomerization assay. The expressions of caspase-1, NLRP3, Syk, and ASC in whole-cell lysates were used as internal controls. (C) HEK293T cells were transfected with control vector, hSyk (WT; 100 ng), mouse pro-IL-1b (150 ng), hFlag-tagged procaspase-1 (10 ng), hFlag-tagged NLRP3 (100 ng), and/or hMyc-tagged ASC mutants (100 ng), as indicated. After 6 h incubation, cells were fed with fresh complete DMEM and incubated for another 24 h. Then, the media were collected to determine the mouse IL-1b secretion. Data are means 6 SEM from 3 independent experiments. *P , 0.05 when comparing vector and Syk (WT) groups; #P , 0.05 when comparing WT and mutant constructs of ASC in corresponding vector or Syk expression group.
While preparing this manuscript, Hara et al. [28] and He et al. [31] reported related findings about the role of Syk in NLRP3 inflammasome. As with our data, Hara et al. [28] also observed less caspase-1 activity in Syk 2/2 peritoneal macrophages. In their case, pro-IL-18 processing was used as the readout. Moreover, the phosphorylation of mouse ASC through Syk and JNK was found crucial for the formation of ASC oligomerization and caspase-1 activation under nigericin and poly(deoxyadenylic:deoxythymidylic) acid stimulation. In addition, the Tyr144 of mouse ASC is suggested to be a putative phosphorylation site for Syk. However, in that study, the biochemical phosphorylation and modification-associated functions were not characterized. Unlike Hara and coworkers' [28] and our data, the study from He et al. [31] excluded the role of Syk in the Step 2 signal (caspase-1 activation) for regulating NLRP3 inflammasomes in BMDMs. The reason for such discrepancy might be a result of the different animal strain use, as they used 129S mice, and we use C57BL/6. Syk has numerous crucial biologic functions in many cell types and plays a key role in many upstream kinase signaling cascades (e.g., BCR, FcgR, CLRs, TLRs, and IL-1R) that are related to innate and adaptive immunity [11, 22, 25, 26] . Our study highlights the crucial regulatory role of Syk in promoting the NLRP3 inflammasome assembly and subsequent caspase-1 activation in macrophages. Numerous diseases are mediated by excessive caspase-1 activation and overproduction of IL-1b [17] . Thus, many pharmaceutical companies are studying drugs to target caspase-1, IL-1b, and IL-1R. The findings of this study provide evidence that Syk is a novel target for developing drugs to reduce inflammation-related diseases. 
